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I.  INTRODUCTION 


This  is  the  ^cbnd  annual  report  on  a program  designed  Co  determine  the 
mechanism  of  soot  formation  In  air-breathing  engines.  The  working  hypothesis 
Is  that  flame  Ions  produced  by  cheml— ionization  are  the  precursors  of  soot  and 
that  large  hydrocarbon  Ions  are  produced  by  very  rapid  Ion-molecule  reactions. 
This  hypothesis  Is  being  examined  by  Ion  mass  spectrometer  studies  of  low  pres- 
sure, flat,  premixed  flames  and  by  detailed  analysis  of  the  data  reported  in 
the  literature  by  others.  Considerable  progress  has  been  made  during  this 
period  on  formulating  mechanisms  and  Interpreting  data  both  from  our  results 
on  acetylene-oxygen  and  benzene-oxygen  flames  and  from  the  data  In  the  litera- 
ture. He  have  experienced  more  experimental  difficulties  than  anticipated; 
these  were  concerned  with  "singing  flames,"  and  seem  to  be  related  to  the  bur- 
ners. In  this  report  we  will  summarize  our  progress  and  problems  with  respect 
to  the  specific  Items  In  the  statement  of  work.  Two  papers,  now  In  preparation, 
will  present  the  work  In  detail;  that  data  and  discussion  will  not  be  dupli- 
cated here.  The  basic  mechanism  developed  In  those  papers  Is  summarized  in 
Section  II. E. 


II.  TECHNICAL  DISCUSSION 


A.  EFFECT  OF  FUEL  TYPE 

"Determine  the  effect  of  fuel  type  (representative  of  coal  and 
petroleum  derived  fuels)  on  carbon  and  Ion  formation  processes  In  both  pre- 
mixed and  diffusion  flames.  An  Ion  mass  spectrometer  will  be  used  for  Ion 
profile  Identification;  and  other  techniques,  using  e.g.,  electrostatic  probes, 
microwave  cavities,  gas  sampling  probes,  thermocouple  probes  and  emission  and 
absorption  spectrometers  will  Its  used  as  required  during  the  progress  of  the 
work.  Included  will  be  mass  spectrometrlc  Identification  of  the  Ions  present 
In  the  soot  nucleatlon  and  particle  growth  zones  of  flames  of  a number  of  fuels, 
at  equivalence  ratios  near  and  In  excess  of  those  necessary  for  smoke  formation."* 

Improvements  were  made  in  the  mass  spectrometer  Instrumentation  both 
to  Increase  the  accuracy  and  reproducibility  of  the  data  and  to  Increase  the 
rate  at  which  data  could  be  acquired.  Data  had  been  obtained  point  by  point; 


* From  Statement  of  Work 
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this  was  not  only  time-consuming  but  led  to  inaccuracies  due  to  meter  readings 
and  Instrument  drifts  during  the  long  periods  of  time  required  to  take  a com- 
plete set  of  data  on  a given  flame.  This  might  consist  of  30  to  SO  individual 
ion  profiles  through  the  flame.  With  the  Instrumentation  modifications  it  is 
now  possible  to  automatically  record  a given  mass  profile  through  the  flame  by 
moving  the  burner  with  respect  to  the  mass  spectrometer  sampling  cone.  This 
scan  takes  about  one  minute.  Or,  at  fixed  flame  position,  the  instrument  can 
be  scanned  over  the  19  to  300  mass  unit  range  in  one  to  two  minutes. 

Difficulties  were  experienced  with  flame  oscillations  at  certain 
critical  conditions  of  equivalence  ratio,  burner  position,  and  pressure.  These 
oscillations  altered  the  shape  of  ion  profiles  through  the  flame;  they  did  not 
show  ufv  as  noise.  Flame  oscillations  were  experienced  on  burners  which  have 
been  used  for  many  years  without  trouble  for  lean,  and  stoichiometric,  but  not 
rich  flames.  The  oscillations  are  apparently  burner  related;  two  burners,  18 
and  9 cm  dlam,  constructed  of  5500  and  1400  1 mn  diam,  3 cm  long  stainless 
steel  hypodermic  needle  tubes  soldered  into  a water  jacket,  showed  oscilla- 
tions when  operating  at  close  to  2.5  kPa.  The  burner  currently  being  used  does 
not  give  oscillations;  it  is  made  of  alternate  layers  of  flat  and  corrugated 
0.013  cm  thick  stainless  steel  sheets  wound  in  a spiral  IS  cm  in  diameter.  This 
burner  is  not  water  cooled  and  operates  well  at  pressures  below  about  2.5  kPa. 

In  the  mass  spectrometer  studies  we  concentrated  on  the  two  fuels, 
benzene  and  acetylene,  because  they  have  the  same  C/H  ratio;  benzene  is  repre- 
sentative of  coal  derived  aromatic  type  fuels  and  acetylene  flames  have  been 
studied  extensively  by  others.  By  working  at  the  same  conditions  as'  others, 
primarily  Homann  and  Wagner  and  their  associates  in  Germany***  and  Howard  and 
associates  at  MIT,***  we  can  develop  a complete  description  of  at  locst  one 
flame  by  using  their  extensive  measurements  of  the  various  properties  of  the 
flame  to  supplement  our  measurements.  This  will  make  it  possible  to  develop  < 

computer  models  at  an  early  date  to  demonstrate  the  validity  (or  non-validity) 
of  our  mechanism. 

The  detailed  flame  profiles  on  benzene  and  acetylene  are  still  being 
interpreted  and  since  more  data  must  be  acquired  they  will  not  be  discussed 
here.  The  most  striking  and  unexpected  observation  has  been  the  appearance  of 
t%ra  maxima  in  the  ion  profiles  of  sooting  flames.  These  occur  only  for  ions 
of  mass  greater  than  165  amu  and  occur  in  both  benzene  and  acetylene  flames.  We 
have  thus  far  found  it  difficult  to  rationalize  an  acceptable  mechanism  to 
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•xp.'.ain  them.  Our  first  thought  was  that  they  were  an  artifice  of  the  experi- 
ment but  subsequent  experiments  have  convinced  us  that  they  are  real.  Similar 
double  maxima  have  been  observed  by  Delfau,  Michaud,  and  Bara.ssln  at  Orleans.’ 

To  further  examine  the  appearance  of  double  maxima  In  the  Ion 
profiles  and  to  estimate  the  total  Ion  concentration,  electrostatic  probe 
measurements  were  made  In  acetylene,  benzene,  n-hexane,  and  cyclohexane  flames. 
The  double  maxima  were  confirmed.  Because  these  data  will  not  be  published  In 
the  forthcoming  publications  they  are  presented  here.  Figs.  1 to  4. 

B.  EFfECT  Qf.  PRESSURE 

"Determine  the  effect  of  pressure  on  carbon  and  Ion  production 
processes  In  the  combustion  of  some  representative  fuels," 

Very  little  additional  work  was  done  on  the  effect  of  pressure 
because  the  experiments  last  year  Indicated  that  pressure  has  little  effect  on 
the  critical  equivalence  ratio  for  soot  formation.  Further  experiments  are 
planned,  however,  because  even  a small  pressure  dependence  of  soot  formation 
%rould  be  of  practical  Importance  since  combustors  operate  over  very  wide  pres- 
sure ranges. 

Some  preliminary  experiments  were,  however,  done  on  the  effect  of 
temperature  on  the  critical  equivalence  ratio  at  which  soot  is  produced.  The 
results  were  surprising,  and  thus  interesting.  They  were  not  pursued  further 
because  the  effort  Involved  Is  beyond  the  scope  of  the  present  program.  The 
results  of  preheating  the  fuel-air  mixture  are  reported  In  Figs.  5 and  6.  The 
curve  on  Fig.  5 has  been  drawn  through  the  lowest  equivalence  ratios  at  which 
soot  is  observed;  because  of  the  difficulty  of  observing  the  critical  ratio 
for  soot  formation  In  acetylene  these  points  should  be  the  most  accurate.  The 
smoothed  curves  have  been  replotted  in  Fig.  6 against  the  calculated  adiabatic 
flame  temperatures,  with  the  arrows  Indicating  the  direction  of  Increasing  Ini- 
tial temperatures.  Acetylene  behaves  as  one  might  expect;  Increasing  adiabatic 
flame  temperature  decreases  the  tendency  to  soot  (higher  critical  equivalence 
ratio  for  soot  formation),  but  benzene  behaves  rather  strangely.  Note  that 
there  are  two  competing  processes,  the  Increasing  fuel/oxygen  ratio  and  the 
increasing  preheat  temperature.  While  there  may  be  problems  with  these  data, 
e.g.,  the  flames  may  not  be  adiabatic — experimental  flame  temperatures  should 
be  measured — It  Is  difficult  to  rationalize  that  the  data  are  so  far  off  as  to 
cause  this  distortion  of  the  benzene  curve. 
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DIOTANCE  AOOVE  iURNER.  cm 

FIGURE  2 TOTAL  POSITIVE  ION  CONCENTRATION  IN  BENZENE-AIR  FLAME 

AT  6.7  kPa 

Air  flow  ■ 21,5  STP  cm*  s”*;  (>_  ■ 1.55, 
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INITIAL  TEMPERATURE.  K 

FIGURE  5 EFFECT  OF  INITIAL  TEMPERATURE  ON  THE  CRITICAL  EQUIVALENCE 

RATIO  FOR  SOOT  FORMATION 

Pressure  100  kPa. 
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BENZENE 


1.4  I — 
2000 


2200 


2400 


2600 


ADIABATIC  FLAME  TEMPERATURE.  K 


FIGURE  6 EFFECT  OF  ADIABATIC  FLAME  TEMPERATURE  ON  THE  CRITICAL 
EQUIVALENCE  RATIO  FOR  SOOT  FORMATION 

Pressure  ■ 100  kPa.  Arrows  ImUcate  direction  of  increasing 

initial  temperature. 
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Millikan*  mcamired  the  riamc  tcmperaluri*  of  prcmlxcd  ethylenc-alr 
flaaes  of  varying  compositions  and  interpreted  the  results  in  terms  of  an  acti- 
vation energy  for  soot  formation — no  abnormal  temperature  behavior  was  noted. 
Radcllffe  and  Appleton'  measured  the  critical  fuel-oxygen  ratio  for  soot  forma- 
tion in  shock  heated  CaHa,  CaH<,,  and  CaH«/Oa  mixtures  in  argon.  The  critical 
equivalence  ratio  was  observed  to  Increase  with  temperature  in  all  cases. 

Graham,  Homer,  and  Rosenfeld*  studied  the  mechanism  of  soot  formation  in  the 
shock-tube  pyrolysis  of  aromatic  hydrocarbons  highly  diluted  in  argon  over  the 
temperature  range  1600  to  2300  K.  They  interpreted  their  observed  Increase  in 
soot  yield  with  increasing  temperature  up  to  1750  K and  rapid  fall  with  increas- 
ing temperature  above  1800  K to  a change  in  the  reaction  path.  Our  results  are 
consistent  with  this  although  the  critical  temperatures  are  different,  which  is 
to  be  expected  for  the  two  grossly  different  experimental  systems. 

Our  initial  objective  in  these  experiments  was  to  determine  the 
onset  of  soot  formation  for  benzene  and  acetylene  at  the  same  temperatures  to 
eliminate  the  effect  of  temperature  on  the  kinetics  of  soot  formation  in  benzene 
and  acetylene.  Clearly,  Fig.  6,  that  objective  was  not  attained.  The  benzene 
could  not  be  sufficiently  preheated  without  having  it  pyrolyze  in  the  burner. 

To  accomplish  our  objective  we  will  have  to  cool  the  acetylene  below  room 
temperature. 

Clearly  the  effect  of  temperature  deserves  more  detailed  study. 

C.  CHEMICAL  ADDITIVES 

"Determine  the  effect  of  chemical  additives  on  carbon  and  .ion 
production  processes  in  the  combustion  of  some  representative  fuels.  Included 
will  be  determination  of  the  effects  of  alkali  and  alkaline  earth  additives  on 
soot  formation  parameters  and  a study  of  their  Influence  on  flame  ion  chemistry." 

Nothing  was  done  on  this  task;  the  effort  was  placed  on  the  effect  of 
fuel  structure.  Sections  II. A and  £. 

D.  HYDROCARBON  MIXTURES 

"Study  of  the  sooting  characteristics  of  flames  of  mixed  hydrocarbons 
for  the  purpose  of  ascertaining  synergistic  effects  and  developing  a means  for 
predicting  the  smoke  tendency  of  real  fuel  systems." 

Critical  equivalence  ratios  for  soot  formation  in  mixtures  of  m- 
xylene  (aromatic)  and  heptane  (aliphatic),  molecular  weights  100  and  106, 
respectively,  were  run  at  ambient  pressure.  Each  point.  Fig.  7,  is  the  result 
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XYLENE/(XYLENE HEPTANE),  mol/mol 


FIGURE  7 SOOT  ONSET  FOR  m-XYLENE  HEPTANE  MIXTURE 


of  measurements  over  a range  of  total  flow  rates,  using  the  equivalence  ratio 
that  plateaued  with  increasing  total  flow  velocity.  The  results.  Pig.  7,  indi- 
cate an  almost  linear  effect. 


E.  MECHANlSh  £0B -?QQ.T- FPStlAIlflU 

"Interpret,  as  the  work  progresses,  the  results  from  the  above 
experiments,  and  data  already  in  the  literature,  in  terms  of  an  Ionic  mechanism 
of  carbon  formation  in  flames." 

A detailed  mechanism  has  been  developed  for  soot  formation  In  flames 
based  upon  the  results  obtained  In  this  progr.am  and  data  in  the  literature. 
Because  the  arguments  which  lead  to  the  Mchanlsms  will  be  presented  in  detail 
in  two  forthcoming  publications,  they  will  not  be  repeated  here.  Ue  will  simply 
susnarlse  the  basic  reaction  steps  which  we  think  are  Important.  Our  program 
consists  in  confirming  these  steps  by  further  experimental  work  and  by  the 
developownt  of  a computer  model  to  compare  the  predictions  of  the  mechanism  to 
the  detailed  experiawntal  profiles— certainly  some  changes  can  be  contemplated 
In  the  light  of  future  work.  The  main  difficulty  in  preparing  such  a model  is 
the  lack  of  chemical  kinetics  data  for  the  individual  reactions,  a situation 
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made  even  more  difficult  by  the  lack  of  thermodynamic  data  for  many  of  Che 
species  in  the  proposed  scheme.  Nevertheless,  the  principles  for  making  these 
estimates  are  available** although  tedious. 

The  basic  mechanism  we  envision  is  summarized  In  Fig.  8.  Primary 
ions  are  produced  by  Che  generally  accepted  reactions  for  producing  chemi- 
ionlzation;  C^Hy  neutral  species  are  produced  by  the  same  set  of  reactions  used 
to  explain  the  formation  of  polyacetylenes  in  flames. The  products  of 
these  two  sets  of  reactions  react  to  produce  hydrocarbon  ions,  which 

grow  further  by  Che  addition  of  more  neutral  C^^Hy  species;  these  ions  (for  non- 
aromatic  fuels)  rearrange  to  produce  polycyclic  (aromatic)  ions  which  grow 
further  by  the  addition  of  more  neutral  C^Hy  species,  and  so  on  to  larger  ions, 
followed  by  agglomeration,  neutralization,  oxidation,  and  on  to  soot  particles. 

The  specific  sets  of  reactions  which  are  our  current  candidates 
follow.  All  involve  species  observed  in  sooting  flames  and,  to  the  extent  data 
are  available,  they  are  all  thermodynamically  acceptable. 


FIGURE  8 IONIC  MECHANISM  OF  SOOT  FORMATION 


1..  Primary  ions 


a,  Cheml-lonlzatlon: 

CH  + 0 CHO+  + e“ 
CH*  + CaHa  CsH,'*'  + e” 


b.  Charge  transfer  (typical  of  reactions  producing  CaHa*^  from 
CHO'*') : 


CHO^  + CaHaO 

CaHaO'*’  4-  CO 

CaHaO"^  4 

• CaHa 

-► 

CaHa'*’  + CHaO 

CHO'*'  4 

■ CaHa 

CaHa'*’  4-  CO 

CHO+ 

4-  HaO 

HaO^  4-  CO 

2.  Neutral,  C^Hy  Species: 

1 

M 

CaH  4-  H 4-  M 

1 ^ 

-► 

CaH  4-  Ha 

I ^ 

CHa  4-  CO 

CaHa  4-  ^ 

i CaH 

-► 

CaHa  4-  H 

i 

[ CaHa 

-► 

CaHa  4-  H 

, C*H 

-► 

CaHa  + H 

The  polyacetylenes,  C4.Ha,  CaHa,  and  CaHa  are  in 

equilibrium  with  each  other.*'* 

3.  Ion  Growth: 

/CaHa 

CaHa'*’  4-  Ha 

CaHa"^  4- 

< CaH 

CaHa'*'  4-  H 

(c*Ha 

CaHa'*' 

CtHa'*’  4-  CaHa 

-V 

CaHa'*' 

4. 

r CaHa 

-*• 

CaHa'*'  4-  HaO 

( CaHa 

-*• 

CaHa'*'  4-  HaO 

This  is  followed  by  additional  ion  growth 

reactions.  Including  rearrangement 

polycyclic  structures,  for  which  the  step 

is  not  separately  identified. 
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Rearrangement  Is  assumed  to  occur  rapidly  during  an  ion  molecule  reaction  when 
the  polycyclic  structure  Is  the  more  favored  thermodynamic  structure. 


CsH,'*’ 

^ C2H2 

+ C2H2 

-► 

C,H,+ 

+ CaHa 

Ca,H/  + Ha 

* c.,h/ 

■4*  C2H2 

-► 

CiaHa'*'  (dominant  Ion) 

CfHy'*’ 

+ C^Ha 

-► 

C|aH»^  (dominant  Ion) 

C»  1H7'*' 

+ CHa 

C,aH,+ 

+ C.H, 

CiaHia'*'  (dominant  ion) 

It  la  easy  to  see  how  the  process  would  continue  with  Ion  clustering  also 
Increasing  the  Ion  size  at  the  expense  of  the  number  density.  Ion  recombina- 
tion, of  course,  removes  ions.  As  the  molecules  become  larger,  their  proper- 
ties approach  those  of  particles  and  they  are  Ionized  thermally  because  of  their 
low  work  function.  The  change  from  molecular  to  particle  properties  occurs  at 
a molecular  weight  of  about  lO"  and  a particle  radius  of  about  15 

F.  SQQT  FORMATION  IN  AIR  BREATHING  ENGINES 

"Interpret  the  above  data  and  mechanisms  In  terms  of  the  potential 
effects  of  new  fuels  on  soot  formation  In  air  breathing  engines,  and  possible 
means  of  minimizing  soot  formation  In  air  breathing  engines." 

Nothing  was  done  on  this  task. 

III.  PERSONNEL 

The  authors  are  pleased  to  acknowledge  the  assistance  of  Dr.  H.N.  Volltrauer 
for  Improving  the  Instrumentation  and  R.W.  Bowser  and  L.R.  Koenig  who  assisted 
with  the  experiments: 

IV.  PUBLICATIONS  ANP  PRESENTATIONS 

Two  publications  are  In  preparation: 

1.  For  the  AlAA  Journal,  a review  paper  on  the  "Mechanism  of  Soot  Forma- 
tion in  Flames"  based  on  the  invited  paper  given  by  H.P.  Calcote  at 
the  AlAA  Annual  Meeting,  New  Orleans,  LA,  15-17  January  1979. 
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2.  For  Combustion  and  Flame,  a paper  entitled  "A  Mass  Spectroscopic  Study 
of  Ionic  Mechanisms  of  Soot  Formation  in  Acetylene  and  Benzene  Flames" 
by  H.F.  Calcote,  U.J.  Miller,  and  D.B.  Olson. 

The  following  presentations  were  given  or  prepared  during  the  year 
by  H.F.  Calcote. 

1.  "Ionic  Mechanisms  of  Carbon  Formation  In  Flames,"  AFOSR  Contractors 
Meeting,  Dayton,  OH,  10-13  October  1978. 

2.  "Ionic  Mechanisms  of  Soot  Formation  In  Flames,"  Invited  Paper, 

Eastern  States  Section  Combustion  Institute  Meeting,  Miami,  FL, 

29  Hovember-1  December  1978. 

3.  "Mechanisms  of  Soot  Formation,"  Seminar,  Army  Ballistic  Research 
Laboratories,  Aberdeen,  MD,  10  January  1979. 

A.  "Mechanisms  of  Soot  Formation  In  Flames  - An  Invited  Review,"  AIAA 
Meeting,  New  Orleans,  LA,  15-17  January  1979. 

V.  NEW  TECHNOLOGY 


There  Is  no  new  technology  to  report. 


VI.  REFERENCES 


1.  Homann,K.H.,  Nochlzuki,  M. , and  Wagner,  H.Gg.,  "Uber  den  Reaktionssblauf 
In  fetten  Kohlenwasserstoff-Sauerstoff-Flammen,  I.,"Z.  Phys.  Chem.  37, 
299-313  (1963). 

2.  Homann,  H.  and  Wagner,  H.Gg.,  "Chemistry  of  Carbon  Formation  in  Flames," 
Proc.  Roy,  Soc.  (London)  A307 , 141-152  (1968). 

3.  Prado,  G.P.  and  Howard,  J.B.,  "Formation  of  Large  Hydrocarbon  Ions  in 
Sooting  Flames,"  in  Evaporation-Combustion  of  Fuels.  J.T.  Zung,  Ed., 
Advances  In  Chemistry  Series  166  (American  Chemical  Society,  Washington, 
DC,  1978). 

4.  Wersborg,  B.L.,  Howard,  J.B.,  and  Williams,  G.C.,  "Physical  Mechanisms  In 
Carbon  Formation  In  Flames,"  Fourteenth  Symposium  (International)  on  Com- 
bustion (The  Combustion  Institute,  Pittsburgh,  1973)  pp.  929-940. 

5.  Delfau,  J.L.,  Michaud,  P,,  and  Barassln,  A.,  "Formation  of  Small  and  Large 
Positive  lone  In  Rich  and  Sooting  Low-Pressure  Ethylene  and  Acetylene  Pre- 
mlxad  Flames,”  to  be  published  In  Combust.  Scl.  Techn. 

6.  HUllkam,  R.C. , "Mon-equlllbrlum  Soot  Formation  In  Fremlxed  Flames," 

J.  Phys.  Chem.  66,  794-799  (1962). 


14 


TP-382 


7.  Radcllffe,  S.W.  and  Appleton,  J.P.,  "Shock-Tube  Measurements  of  Carbon  to 
Oxygen  Atom  Ratios  for  Incipient  Soot  Formation  with  CaHa,  CaH*,  and  Cali* 
Fuels,"  Combust.  Scl,  Techn.  _3,  255-262  (1971). 

8.  Graham,  S.C.,  Homer,  J.B.,  and  Rosenfeld,  J.L.J.,  "The  Formation  and 
Coagulation  of  Soot  Aerosols  Generated  by  the  Pyrolysis  of  Aromatic  Hydro- 
carbons," Proc.  Roy.  Soc.  (London)  A344.  259-285  (1975), 

9.  Benson,  S.W. , Thermochemical  Kinetics.  Second  Ed.  (John  Wiley  & Sons, 

New  York,  1976) . 

10.  Shaw,  R.,  Golden,  D.H. , and  Benson,  S.W. , "Thermochemistry  of  Some  Slx- 
Membered  Cyclic  and  Polycyclic  Compounds  Related  to  Coal,"  J,  Phys.  Chem. 

W,  1716-1729  (1977). 

11.  Tanzawa,  T.  and  Gardiner,  W.C.,  Jr.,  "Thermal  Decomposition  of  Acetylene," 
Seventeenth  Symposium  (International)  on  Combustion,  Paper  No.  60,  University 
of  Leeds,  England,  1978. 

12.  Cullls,  C.F.,  "Role  of  Acetylene  Species  In  Carbon  Formation,"  In 
Petroleum  Derived  Carbon.  M.L.  Deviney  and  T.M.  O'Grady,  Eds.,  Symposium 
Series  21  (American  Chemical  Society,  Washington,  DC,  1976). 

13.  Homann,  K.H.,  Wametz,  J.,  and  Wallmann,  C.,  "The  Formation  of  Higher 
Hydrocarbons  in  the  Reaction  of  0-Atoms  with  Acetylene,"  Sixteenth  Sympo- 
sium (International)  on  Combustion  (The  Combustion  Institute,  Pittsburgh, 
1977)  pp.  853-860. 

14.  Bonne,  U. , Homann,  K.H.,  and  Wagner,  H.Gg.,  "Carbon  Formation  In  Premixed 
Flames,"  Tenth  Symposium  (International)  on  Combustion  (The  Combustion 
Institute,  Pittsburgh,  1965)  pp.  503-512. 


15 


